INTRODUCTION
At the present time the only ice protection system available in the U.S.
for light airplane wings is a pneumatic boot system. While this concept has been relatively successful, there are somedisadvantages. The boots are expensive and must be replaced periodically.
The boots do not prevent ice but remove it after it has formed. This causes two problems: someice may remain adhered to the boot; and premature actuation of the boot may only displace--not remove--the ice, making further removal difficult. Pilot judgement is therefore a factor that influences the performance of the system. Furthermore, any ice that forms on the wing aft of the active portion of the boot will not be removed. This may be substantial, especially at high angles of attack. Recently, considerable difficulty has been experienced in finding a boot configuration that will be effective on airfoils with large leading edge radii, a feature which characterizes several newlow speed airfoils developed by NASA.
Onealternative to the pneumatic boot is a liquid ice protection system that distributes a glycol solution onto the leading edge of a wing or control surface through a porous skin. This concept was developed by T.K.S. (Aircraft De-Icing) Ltd, of England, and subsequently employedon numerousairplanes.
There are several advantages associated with a porous leading edge ice protection system: -Leading edge airfoil contours can be retained with excellent tolerance.
-No residual or runback ice is left on surfaces after system actuation.
-The life of the system hardware is comparable to that of the airframe.
-The system operates with a low power demand.
-Little judgement is required by the pilot to operate the system safely.
A disadvantage is that the glycol solution must be carried on board whenever the need for ice protection is anticipated. Furthermore, the duration of ice protection is limited by the finite supply of fluid. Obviously, it is desirable to establish the minimumfluid flow rates required to obtain the level of protection desired.
Little is known about porous leading edge ice protection systems in the The type of ice (i.e., glaze or rime) that formed on the airfoil depended primarily on the tunnel total air temperature. To produce glaze ice the tunnel total air temperature was set at -3.9°C (25°F), and to produce rime ice it was set at -15°C (5°F). The ambient or outside air temperature (OAT) corresponds to the static air temperature in the tunnel test section. A translating wake-survey probe was used to measure the section drag coefficient, Cd, of the test model. The prohe consisted of a single stagnation pressure tube which could be retracted behind a wind screen. Whenthe airfoil was exposed to the tunnel icing cloud_ the probe was retracted. After the icing cloud was turned off, the probe was inserted into the airstream and the wake survey was made. This probe, which was located about one chord length downstreamof the airfoil at midspan, was installed as shownin Figure 5 to yield the velocity decrement ratio (VI/V) in the airfoil wake. By translating laterally through the wake, a plot of VI/V versus position was obtained.
Integration of the wake defect gave a measurementof model section drag coefficient.
MODEL DESCRIPTION
The wing section tested was taken from an actual single engine light air- The wing section tested was fastened securely to the turntable on the floor of the tunnel, using the spar fittings that are used to attach the wing to the fuselage of the airplane. A clearance of one-half inch was allowed between the outboard end of the wing segmentand the ceiling of the six-foot high test section of the tunnel. The centerline of the tunnel was at WS58
of the original wing. To obtain the minimumanti-ice glycol flow rates, the upper and lower sections were used simultaneously during each run to establish independent flow rate values from each section while the center section was used to determine minimumflow rates for natural deicing (discussed in the next section).
The data presented represent an average of the results from the upper and lower sections. As a general rule, the anti-ice threshold occurred at a lower flow rate on the lower section than on the upper section. This can be attrib- closest to the edge. This angle of attack tends to require a higher flow rate, particularly at the higher airspeed. For _ = 12°, the stagnation point is not as close to the edge as for _ = -.5°, and the effect of the edge is not evident in the data.
As one would expect, required glycol flow rates generally increase as LWCincreases and as airspeed increases. However, the width of the threshold in terms of glycol flow rate, the subjective task of identifying the threshold, and the normal variations in LWC during a series of runs resulted in a sometimes broad band of uncertainty in the data as shown in Figure 10c .
Onemethod to check for consistency in anti-ice threshold data is to plot glycol flow as a function of LWC,all other conditions being constant. To first order accuracy, the result should be a straight line through the origin with positive slope, since an increase in water collection at the leading edge should require a proportionate increase in glycol to maintain a solution at the threshold of freezing.
Figures lla through lid illustrate results for the anti-icing tests. In general, the fluid flow rates do increase monotonically as LWCincreases, frequently approximating the straight line through the origin that would be expected. Obvious variances do appear, however, and illustrate test points that probably were not run long enoughto determine the flow rate at the lower end of the threshold. In virtually every case, the variance in flow rate appears to be higher than the expected value.
Oneother point needs to be made. Onevariable that does not appear explicitly in Figures lla through lld is the water droplet diameter. As the droplet size increases, the catch rate of the wing will increase also because of the higher inertia of each drop. This will require a higher glycol flow rate to maintain anti-icing at the sameLWC. However, the data do not indicate that this effect is muchgreater than the uncertainty in the data, over the range of ii to 20 microns used in these tests.
A designer might well be concerned whether these flow rates would be adequate to meet certification requirements. As shown in Figures 3 and 4 Figure  13 shows that the deicing time is dependent on angle of attack.
With m = 7.8°, the deicing time may be as low as one-half that for m = 1.2°.
Extreme angles, where the stagnation point approaches the edge 0f the active panel, should be avoided.
An interesting phenomenon may be observed in Figure  14 . For a temperature of 25°F, the longer the ice is permitted to build up, the longer it takes to removeit--a result that might have heen expected. However, at 5°F a larger ice cap is shed more quickly than a smaller ice cap at the samespecific fluid flow.
The explanation is that at 25°F glaze ice is formed, which is accompanied by runback icing and a wide ice cap. As the icing exposure time increases, the ice cap becomesmore firmly attached to the leading edge, particularly at the edges of the porous skin. Therefore, as the icing time increases, so does the time required for the glycol to completely break the bond between the ice and the wing skin.
At 5°F, only rime ice forms. This ice freezes almost immediately on contact with the wing; thus, the ice cap tends to remain concentrated near the stagnation point on the porous panel. In this case, the time required to shed the ice depends strongly on the aerodynamic forces acting on the ice. Since these forces are roughly proportional to the size of the cap, the larger caps tend to shed more quickly, at least for the icing durations Usedin these tests.
In several cases it was observed that a small change in angle of attack would precipitate the shedding of an ice cap because of the increased aerodynamic force on the ice caused by the altered flow field. Figure   16 .
The porous panel adds less than .001 to the section drag of the wing, within the uncertainty band of the drag measuring system. The penalty of carrying ice is clearly seen in the 50% to 100% increase in Cd, depending on angle of attack, caused by a i0 minute accumulation of ice.
After deicing, the drag is almost back to the clean level, except for the effect of some residual frost and ice particles on the lower surface of the wing. The anti-ice mode has practically no effect on the section drag.
DISCUSSION AND CONCLUSIONS
The data obtained in these tests provide useful information on the glycol flow rates required to obtain satisfactory ice protection performance from a porous leading edge system. Although the data apply to only the airfoil tested, the range represented should be typical for most light airplane wings.
In most cases satisfactory performance can be obtained with much lower flow rates. As shown in Figure  3 , the extreme conditions tested represent a LWC three times higher than the upper boundary of the continuous maximum conditions defined by FAR Part 25.
The upper boundary of the intermittent maximum conditions is just met. The results showed that extremely severe conditions can be handled by a liquid protection system if the condition is only temporary.
The system merely reverts to the natural deicing or deicing modeuntil conditions permit a return to the anti-ice mode. It would be possible to operate the system at two different flow rates.
It would be desirable to be able to predict accurately the minimumflow rates required to achieve anti-icing at various flight conditions. Reference 4
provides an empirical method, but investigation showedthat this method was limited in range and required assumptions that limited the accuracy of the prediction for this airfoil.
In a follow-on study, methods are being developed to obtain reasonably accurate predictions of minimumflow rates, so that design evaluations of various configurations can be madewithout the necessity for icing tunnel tests.
Additional icing tunnel testing is also planned so that more data can be obtained for purposes of comparison, questionable data points can be resolved, and the effect of droplet diameter can be assessed.
As a result of the tests reported herein, the following conclusions have been made: i. A glycol-exuding porous leading edge ice protection system is a very effective meansof preventing ice accretion or removing ice from an airfoil.
2.
The stagnation point may comewithin one centimeter of the edge of the porous surface without seriously degrading the performance of the system.
3.
The system tested was able to removelarge ice caps with glycol flow rates normally used in the anti-ice mode.
4.
The type of ice formed and the angle of attack have a significant effect on the deicing time. -a 
